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Introduction

37
In 2016, the global population of domestic buffalo (Bubalus bubalis) was ~199.0 38 million; about 99% of these buffalo inhabit tropical and subtropical regions [1 ] . At
Results
81
The average THI values were 75.76 and 54.26 under the HS and TN conditions, 87 Using LFQ, 344 low-abundance proteins were identified in the serum samples. Of 88 these, our LFQ results indicated that 17 were differentially expressed in HS buffalo as 89 compared to the TN buffalo (Table 1) . Our volcano plot indicated that four of these 90 proteins were more abundant in HS buffalo, while 13 were less abundant ( Figure 1 ).
Identification of proteins related to HS adaptation
91
Our hierarchical clustering analysis indicated that the 17 differentially abundant Table 1 ).
with an average node degree of 1, and an average local clustering coefficient of 0.479.
125
The expected number of edges was 2, giving a network enrichment p-value of 0.000221.
126
In particular, two of the PPIs (LPL and RETN; CP and GPX3) function synergistically 127 to increase thermal tolerance in HS buffalo. 
Validation of LFQ results with PRM
129
We used PRM to validate the differential abundance of five proteins: CP (L8I5R0 130 and D2U6Z5), HBA1, LPL, LL-37, and GPX3 ( Table 1) . Three of these proteins 
Biochemical blood analysis
137
HS buffalo had significantly lower levels of MCHC (p < 0.05) and MCH (p < 0.01) 138 than did TN buffalo, and significantly higher levels of HCT (p < 0.01) and MCV (p < 139 0.01; Figure 5 ). Although HS buffalo had slightly higher levels of RBC, Hb, and PLT, 140 as well as slightly lower levels of WBC, these differences were not significant (Figure [35] . Under HS conditions, triglycerides are hydrolyzed by LPL 157 to free fatty acids for supplemental energy [36 ] . However, triglyceride degradation 158 decreases fatty acid oxidation, resulting in reduced ATP production [37 ] . This was 159 consistent with our results, as the HS buffalo had significantly higher LPL levels than 160 the TN buffalo.
Discussion
161
Under normal condition, ROS (e.g., H2O2 and O 2•− ) play important roles as signal 162 molecules [38] . However, HS triggers excessive ROS accumulation, causing damage 163 to biological macromolecules [39 ] . As a well-known redox protein and antioxidant 164 enzyme, GPX3 protects cells from oxidative stress by decomposing H2O2 [40, 41] . LFQ 165 abundance analysis indicated that HS buffalo had significantly lower levels of serum 166 GPX3 than did TN buffalo, suggesting that the HS buffalo were experiencing HS [42] .
167
Consistent with this result, previous studies of livestock (e.g., finishing broilers, cattle, 168 and dairy cows) reported that HS decreased GPX3 activity. [43] [44] [45] [46] . It is worth noting 169 that, although PRM analysis indicated that mean GPX3 levels in HS buffalo were lower 170 than those in TN buffalo, these differences were not significant. This suggested that HS 171 buffalo maintain normal GPX3 levels to protect cell membranes from oxidative damage.
172
In addition, H2O2 inhibits protein refolding and leads to protein denaturation, which is 173 detrimental to cellular structure and function. [ 47 ] . Indeed, several GO terms Chronic HS impairs immune function in animals, and also increases susceptibility 179 to infection [ 48 ] . LL-37, a small cationic antimicrobial peptide produced in the 180 epithelial cells, disrupts the activity of gram-negative bacteria by damaging and 181 destroying bacterial membranes [ 49 , 50 ] . LL-37 plays key roles in inflammatory 182 response regulation and immune mediator induction [51, 52] . In heat-stressed mice, LL-183 37 production was suppressed by the nicotinic acetylcholine system, increasing the 184 susceptibility of the mice Staphylococcus aureus [53 ] . In HS buffalo, LL-37 was 185 significantly more abundant than in TN buffalo (based on both LFQ and PRM),
186
suggesting that the HS buffalo might also be more susceptible to infection. As LL-37 is 187 important for the immune and inflammatory response [54, 55] . it is possible that the 188 higher LL-37 serum levels seen here in HS buffalo might compensate for the relatively 189 low GPX3 levels.
The differential abundant proteins in HS buffalo as compared to the TN buffalo 191 were also significantly enriched in the GO term nitric-oxide synthase regulator activity,
192
which is associated with peripheral vasodilatation [56] . HS buffalo deliver more oxygen 193 per unit volume of blood than cattle [57] . In vasodilation, blood flow to the body surface 194 is increased to enhance heat dissipation, and oxygen transport to internal organs is 195 improved. This was consistent with the high levels of HBA1 and RBC detected in the 196 HS buffalo.
197
We were unable to identify metabolic (KEGG) pathways enriched in most of the acetylcholine participates in homoeothermic thermoregulation [58] . Acetylcholine is 202 also known to regulate glutamic acid release, and glutamic acid generates glutamate via 203 pyroglutamic acid [59] . Glutamate and GPX produce glutathione via the glutathione 204 metabolism pathway [60] , and GPX3 and glutathione protect the cell from heat injury 205 [61 ] . Glutamic acid, along with CP, is also involved in the porphyrin metabolism 206 pathway, which increases HBA1 levels to improve oxygen transport in HS animals. LL-207 37 and acetylcholine were mapped to the salivary secretion pathway. As buffalo, which 208 have few sweat glands [3] , dissipate only 12% of their excess heat through skin 209 evaporation [9] ; salivary secretions have been shown to help decrease body temperature 210 [62, 63] .
211
Under HS conditions, high levels of hemoglobin lead to increased oxygen delivery 212 [64] . Based on these pathways and our results, we propose a model of HS adaptation in 213 dairy buffalo ( Figure 6 ): an increase in HBA1 abundance to eliminate ROS and 214 maintain normal oxygen supply, and an increase in LL-37 abundance to enhance host 215 disease resistance. PPI networks provide collaborative working modes for 216 physiological and biological processes at the system-level [65] . We found that most of 217 the 17 differentially abundant proteins in HS buffalo as compared to TN buffalo were 218 linked in the H. sapiens database (Fig. 4) . CD14, CHST4, HBA1, SPARCL1, CPN1, 219 THBS4, SPARCL1, and PLA1A were not linked to each other, possible because these 220 proteins have dissimilar functions.
221
It is well known that Hb and CP play a collaborative role in oxygen delivery, as
222
CP oxidizes Fe2+ to Fe3+ without releasing ROS [ 66 ] . Indeed, we observed a 223 concomitant increase in Hb and CP in HS buffalo, consistent with a previous study [54] .
224
However, to date, no biological interaction networks have shown a direct relationship 225 between these proteins, although CP was shown to have an inverse linear relationship 226 with soluble transferrin receptor levels [67] . Therefore, we speculated that Hb might glucose and lipoprotein metabolism [ 68 ] , and the PPI between RETN and LPL 231 indicated that the metabolic profiles of glucose and lipoprotein were altered by HS.
232
Moreover, the enzymatic oxidant GPX3 and the nonenzymatic antioxidant CP protect 233 the cell from damage due to oxidative stress [69] . suggesting that other proteins may perform these biological functions under HS.
240
Under HS, homoeothermic animals facilitate heat dissipation by increasing body 241 temperature, respiratory rate, and blood flow to the peripheral tissues [71 ,72 ] . The 242 demands on the cardiovascular system also increase with HS, as does arterial blood 243 pressure, causing internal tissues and organs to compete with peripheral areas for blood 244 supply [73, 74] . Eventually, low blood flow volume may result in the hypoxia of the 245 internal organs [ 75 ] . Indeed, body temperature and blood flow may be closely 246 associated [ 76 ] : it was shown that blood flow to internal organs, such as the 247 reproductive organs, decreased 20-40% in heat-stressed rabbits [77] .
248
During HS, RBC decrease [ 78 ] . Indeed, HS cattle decreased ~12-20% as 249 compared to TN cattle [79] . Here, the RBC of the HS buffalo was not significantly that high levels of serum Hb protect the red blood cells from oxidative stress [81, 82] . 255 Hb increases have been reported in several other animal species subjected to HS, 256 including sheep, goats, piglets, ruminants (Holsteins, Jerseys, and Zebus), and tilapia 257 [83] [84] [85] [86] [87] [88] .
258
Hb increases may be due to low oxygen pressure and saturation, or to an improved 259 resistance to ROS [89] . In contrast, cooling increased blood Hb concentrations in HS
260
Murrah buffalo [90] . Thus, high Hb levels may alleviate the deleterious effect of HS 261 and hypoxia. However, one study showed that HS decreased blood Hb concentration as 262 compared to normal temperatures [91] . which may be because the acute HS animals in 263 that study were exposed to extremely high temperatures (40 ± 2°C). Here, the chronic 
272
HS animals decrease nutrient intake, leading to a negative energy balance7.
273
Because fatty acid oxidation produces more heat (146 ATP) than does carbohydrate (38 274 ATP), heat-stressed animals decrease fatty acid oxidation [7, 92] . LPL is synthesized at 275 the surface of the vascular endothelium and released into the blood. LPL hydrolyzes 276 circulating triacylglycerides to free fatty acids, promoting fat synthesis while 277 decreasing the production of ATP and heat [ 93 ] . In addition to decreasing heat 278 production, fat deposition is beneficial under HS as fat insulates the body to decrease 279 solar radiant heat absorption [94 ] . Indeed, low levels of glycerol in the plasma of 280 ruminants were found in summer [95] . However, few studies have focused on serum 281 profiles of LPL abundance. LPL levels in pig adipose tissue increased in response to 282 mild HS [96] . as did adipogenesis in porcine adipocytes [97] . LPL activity increased in 283 the plasma and muscle of HS rats, but not in the white adipose tissue [98] . We found 284 that serum LPL abundance decreased in response to chronic HS. We thus speculated were loose housed, and provided with fresh drinking water ad libitum. Animals were 296 fed mixed rations (80% whole-plant corn silage ad libitum, 12.5% feed concentrate, 297 and 7.5% corn protein powder).
298
The temperature-humidity index (THI) was calculated based on air temperature 299 and relative humidity. As THI is closely related to the body temperatures of dairy 300 animals under HS, THI is widely used to assess the degree of HS [99] . 
Environmental and physiological parameters
315
Respiration rates (RR; breaths/min) were measured daily at 08:00, 13:00, and 
Depletion of high-abundance proteins from the serum
322
Blood samples were collected with vacutainer tubes via jugular venipuncture.
323
Each sample was centrifuged at 1400 g for 10 min to separate the serum. Serum samples 324 were stored at -80°C. High-abundance proteins in the serum samples were depleted 325 using affinity chromatographic columns (Agilent Multiple Affinity Removal LC 326 Columns). The low-abundance proteins in the serum samples were isolated by first 327 performing an ultrafiltration concentration, then adding one double volume of SDT 328 buffer (4% SDS, 100 mM Tris-HCl, and 1 mM DTT; pH 7.6) to the concentrated sample.
329
The resultant mixture was then incubated in a boiling water bath for 15 min. The 330 mixture was then centrifuged at 14000 g for 20 min, and the supernatant was removed.
331
We then added 20 µg of the supernatant to 5×loading buffer (10% SDS, 0.5% 332 bromophenol blue, 50% glycerol, 500 mM DTT, and 250 mM TrisHCl; pH 6.8). This 333 mixture was incubated in a 90°C water bath for 5 min, and then analyzed using 12.5% 
Filter-added sample preparation protein digestion
336
Trypsin protein digestion was performed using the filter-aided sample preparation 337 (FASP) procedure described previously [101] . In brief, serum samples were lysed, and 338 proteins were extracted using SDT buffer. Proteins were quantified with BCA Protein 
LFQ with LC-MS/MS analysis
360
We performed relative LFQ with LC-MS/MS. LC-MS/MS was performed using a 
371
MS raw data for all samples were combined and searched using MaxQuant 372 v1.3.0.5 [102] , which uses the Andromeda search engine against the Bovinae Uniprot 373 database [103] . The precursor mass tolerance was set to 20 ppm for the first Andromeda 374 search, and to 6 ppm for the main search. Carbamidomethylation (C) was considered a 375 fixed modification, while oxidation (M) and acetylation (of the protein N-terminus) 376 were considered variable modifications. We eliminated all peptide and protein 377 identifications where the false discovery rate (FDR) was >0.01 against the reversed-378 sequence database.
379
We used the MaxLFQ approach in MaxQuant for label-free quantification [104] , [105] . 
Absolute quantification of targeted proteins with PRM
390
The Easy nLC 1200 (Thermo Scientific) was used for chromatographic separation. 
409
We analyzed the PRM raw data from the 12 HS and TN samples with Skyline isotopes (absolute quantification) [94] . Based on these total peak areas, we quantified 417 each target peptide. 
Bioinformatics analysis
419
We identified protein sequences homologous to those of the selected differentially 420 expressed proteins with the NCBI BLAST+ client (ncbi-blast-2.2.28+-win32.exe) and
421
InterProScan [107, 108] . We then annotated protein sequences using gene ontology (GO)
422
terms with Blast2GO [109, 110] . The GO annotation results were plotted with R scripts. 
470
Asterisks indicate significant differences in abundance between the two groups: *p < 
